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MINIATURIZED TERAHERTZ RADIATION SOURCE 



FIELD OF THE INVENTION 

The present invention [is directed! relates to a miniaturized 
terahertz radiation source that is based on the Smith Purcell 
ef f ect [ according to the definition of the species in Claim 



[It is fundamentally known that, at 1 BACKGROUND INFORMATION 
At certain frequencies in the far infrared range, coherent 
radiation [can! may be generated, for example, by molecular 
lasers which are pumped by Co 2 lasers. Many of the frequencies 
and wavelengths of importance to the spectroscopy of molecules 
and solid bodies [arel mav be within the wavelength range 
extending from 3 mm to 30 jum (from 100 gigahertz to 10 
terahertz). The use of a microradiation source, which ["is 1 may 
be tunable within the wavelength range and [ is] implemented on 
a semiconductor chip of a waf er [ , ] for this range of terahertz 
radiation [, 1 and which exhibits sufficient power output 
within the range of between 1 juVJ and 1 W, risl may be 
substantially significant from a technical standpoint for 
spectroscopic applications in all areas of environmental 
protection, analytics, and in material characterization in 
medicine and biology, as well as in chemistry and physics. 
Another way to generate coherent radiation in the far infrared 
range is based on the so-called Smith Purcell effect. It 
provides for generating radiation similar [ly] to the method 
known from the "free electron laser". Macroscopic electron 
sources and diffraction gratings having a 100 to 300 pm period 
rare! may be used to generate a coherent radiation field of 
polarized radiation having up to 1 //W power. 

The farticlel reference "Intensity of Smith-Purcell Radiation 
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in the Relativistic Regime", J. Walsh, K. Woods, S. Yeager, 
Department of Physics and Astronomy, Dartmouth College, 
Hanover, N.H. 03755, U.S., pages 277-279, discusses the theory 
of such Smith-Purcell radiation sources and, additionally, 
5 gives experimental results. [Also, t]£he [article 

entitled! reference "A New Source of THz-FIR Radiation" in LEOS 
NEWSLETTER, February, 1999 by J.E. Walsh, J.H. Brownell, J.C. 
Swartz, Department of Physics and Astronomy, Dartmouth 
College, Hanover, New Hampshire 03755-3528 and M.F. Kimmitt, 

10 Department of Physics, Essex University, Colchester, UK, 
January 7, 1999, pages 11-14, [fundamentally 
describes 1 discusses the design and mode of operation of a 
radiation source in the terahertz region. It may be that 
these [ known] terahertz radiation sources are perfectly 

15 efficient, but they do not yet suffice for many analytical 
applications, and they are not yet miniaturized to a 
sufficient degree. 

[For that reason . 1 SUMMARY OF THE INVENTION 
20 The present invention is directed to providing a free electron 
laser, which is miniaturized further extent, [is desired 
as ] and may be a more powerful source for analytical 
applications . 

25 [The underlying obi ect 1 Exemplary embodiments and/or exemplary 

methods of the present invention [is, therefore, 1 are directed 
to [devise! providing a miniaturized terahertz radiation 
source, which is based on the Smith-Purcell effect, on a 
semiconductor chip, using [the knownl available additive 

30 nanolithography , which [will 1 may function as a miniaturized, 
free electron laser, be substantially more powerful than 
existing such radiation sources, and facilitate a 
substantially broader field of application, in particular for 
analytical applications . 

35 

[The achievement of this objective by the present invention is 



MARKED UP VERSION OF THE SUBSTITUTE SPECIFICATION 

NY01 426004 v 1 2 



delineated in the characterizing part of Claim 1. 
Further means for achieving the objective or 

embodiment s ] Exemplary embodiments and/or exemplary methods of 
the present invention are [delineated in Claims 2 through 23. 

Byl further directed to using additive nanolithography to 
produce such miniaturized terahertz radiation sources, [one is 
able to producel such that field electron sources having a high 
directional beam value may be produced . By employing 
additional miniaturized, electron-optical elements, [such 
asl for example, accelerator grids, focusing lenses, beam 
deflectors, and free-standing metallic rods, the components 
may now be assembled to construct a miniaturized, free 
electron laser on a surface of a few 100 jum 2 through 10 mm 2 . In 
this context, the electron source has the characteristic of 
emitting electrons at 30 volts, which then possess an energy 
of 30 electron volts. fUl In exemplary embodiments and/or 
exemplary methods of the present invention, u sing 
nanolithography, [ it is possible to control] the second 
characteristic component of focusing and beam guidance of the 
electron beam in parallel to the surface at a finite distance 
to the third component, a metallic grating , may be controlled . 
The vertical position or height of the beam over the metallic 
grating may likewise be adjusted by applying deflection 
voltages to micro-miniaturized deflecting plates or wire 
lenses. The diffraction grating, to the extent that is 
possible, up to one millimeter long, [ ] = a reflection 
diffraction grating having a grating constant in the range of 
0.1 mm to 0.1 ]am, may be produced using conventional 
lithography in the manufacturing of electrical connection 
structures for supplying the field electron source, i.e., be 
defined by electron-beam lithography at the highest 
resolutions . 

[A] In exemplary embodiments and/or exemplary methods of the 
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present invention, a high-resolution double-resist technique 
and lift-off [are advantageously] may be used. The [present 
approach! exemplary embodiments and/or exemplary methods may 
employ [s] new types of technologies to integrate the electron 
source, the beam guidance, and the generation of the 
far-infrared radiation by the flight of the fast electrons 
across the diffraction grating. In this context, given 
standard sources of up to approximately 20,000 volts 
accelerating voltage and an electron beam of 20 yum diameter 
over a grating of 100 to 300 /urn period, an infrared radiation 
in the far infrared is achieved between 100 /um and one 
millimeter wavelength. This radiation fisl mav be produced by 
the image charge , or image potential energy, which oscillates 
in response to the electrons flying past the surface profile 
of the grating. The changing spacing between the charges 
produces an oscillating dipole, which may oscillate [s] in 
coherent fashion along the grating. This ensues due to the 
Coulomb interaction of the individual charges on the wires. In 
this context, the entire electrical field may oscillate [s] 
coherently in conformance with the individual charges of the 
rods. In this manner, electromagnetic radiation is emitted 
coherently along the entire grating. Its energy transfer from 
the electron beam to the electromagnetic radiation takes place 
virtually losslessly. The polarization may require [ s 1 a 
certain displacement current and, thus, a certain power, but 
this risl may be entirely drawn directly from the beam. [T1 In 
exemplary embodiments and/or exemplary methods of the present 
invention, t he oscillating dipole charge chain fisl mav be 
produced in this manner. [Also novel is"! In further exemplary 
embodiments and/or exemplary methods of the present invention, 
integration of the electron guidance on a chip, and the direct 
coupling to the grating having a high spatial resolution, in 
the manufacturing process [ . Just as novel is that] is 
provided. In further exemplary embodiments and/or exemplary 
methods of the present invention, micro-miniaturization [is 
making possiblel mav allow for the use of low-energy electrons 
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having energies of between 10 and 1000 eV. [It is also 
possible to generate 1 Further exemplary embodiments and/or 
exemplary methods are directed to generating up to 10 kV of 
electrons on the chip and to implement the guidance by using 
5 miniaturized electron-optical components, such as micro-lenses 
and deflecting elements. 

[W] In_ f urther exemplary embodiments and/or exemplary methods 
of the present invention, w hen using such high-energy 

10 electrons, radiation may also be generated for short 

wavelengths ranging from middle infrared to the visible 
spectral region. By manufacturing on a common substrate, one 
ensures direct coupling to the grating via the shortest 
distance to the source, and the manufacturing of the grating 

15 and the source on the same chip. In this manner, in further 
exemplary embodiments and/or exemplary methods, the path of 
rays of the electrode configuration, which in [the]a 
conventional design, [is] may be up to one meter, is reduced to 
less than 1 mm to 10 mm length. Moreover, a very highly 

20 coherent and local light source fisl may produced, which 

benefits the temporal and spatial coherence of the radiation. 
[B] In exemplary embodiments and/or exemplary methods of the 
present invention, b ecause the entire electron path is 
shortened to a greater degree, it risl mav be no longer 

25 necessary to use extra-high or high vacuum in the radiation 

room. It may sufficefsl to cover the system by a window etched 
in silicon using a flipchip bonding technique. This window 
risl mav be closed by a continuous membrane of silicon, thereby 
rendering possible a hollow space. The up to 10 pan high 

30 component risl mav be easily accommodated in the hollow space. 
[Typically, i]Jnto a silicon wafer of 250 jxm thickness, one 
may etch[es1 windows of a few millimeter diameter, which are 
sealed by a membrane having a thickness of 10 jum up to 100 jum. 
This [renders possible! may render a stable mechanical 

35 encapsulation of the miniaturized component. [However] In 

exemplary embodiments and/or exemplary methods of the present 
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invention , it can also be manufactured micromechanically, in 
millimeter dimensions. In this context, the required vacuum is 
approximately 0.01 Torr. In this case, the average free path 
length of the electrons in this gas of reduced pressure is as 
large as the beam length of the miniaturized component. This 
can eliminate [s] the need for a pump configuration [ , which is 
a significant advantage] . The component can be packaged as a 
ready-made, sealed element and = [ ]connected. In this manner, [ 
it is possible to produce] a terahertz radiation source may be 
produced , i.e., a millimeter and submillimeter radiation 
source on a semiconductor chip. Through appropriate wave 
guidance, this radiation source can be linked to further 
applications . 

[Further advantages, features, and possible applications of 
the miniaturized or micro-miniaturized terahertz radiation 
source, in particular its design and mode of operation, may be 
derived from the following description in conjunction with the 
exemplary embodiments depicted in the drawing. 

The present invention shall now be elucidated on the basis of 
exemplary embodiments depicted in the drawing. The terms and 
assigned reference symbols employed in the appended reference 
symbol list are used in the Specification, the Claims, the 
Abstract, and in the drawing. 

In the drawing: 

Figure 1 1 BRIEF DESCRIPTION OF THE DRAWINGS 

Figure 1 shows a plan and side view of a fundamental design of 
a miniaturized terahertz radiation source based on the Smith 
Puree 11 effect [ ; ] ^ 

Figure 2[ illustrates 1 shows an encapsulation having a 

silicon membrane structure for maintaining the 
necessary vacuum during operation [; and]^ 
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Figure 3[ depicts! shows a two-chamber membrane covering 

of the miniaturized, free electron laser. 

DETAILED DESCRIPTION 
5 Figure 1 schematically depicts the electrode design for a 
miniaturized, free electron laser in a plan view and side 
view. The individually illustrated elements [arel mav also be 
produced using a[ known] n available additive nanolithography 
method. Shown both in the plan view as well as in the side 

10 view, the individual elements of the miniaturized terahertz 
radiation source are illustrated in the following sequence. 
First, field emitter tips 1 are shown to the left. They are 
linked via electrical terminals or connections 2 to a 
controllable voltage source 3 and, on the other hand, to an 

15 electrostatic lens 4, composed here of three electrodes. The 
left electrode is the extractor or the first anode of the 
electron source. Shown in the middle are beam deflectors 5 
having connections 6, to which optical and/or electron-beam 
lithography and a deflection voltage are applied. Beam 

20 deflector 5 is followed by a grating 7 of metal. Electron beam 
9, having been deflected by beam deflector 5, passes through 
this grating and strikes here as an electron beam, without 
being deflected 10, upon a second anode 8. 

25 Figure 2 shows fonel an exemplary variant of an encapsulation. 
This design enables the electron source, here in the form of 
field emitter tips 1, electrostatic lens 4 for focusing 
electron beam 9/10, beam deflector 5 for deflecting the beam 
in the horizontal and vertical direction, grating 7 of metal 

30 having an underlaid reflector to be constructed in integrated 
fashion, using mix-match technology employing additive 
nanolithography on an insulating substrate having a terahertz 
reflection base = [ ] in the grating region, on metal conductor 
connection structures, which are prefabricated using electron 

35 beam or optical lithography, and to be imperviously 

encapsulated in a vacuum 13 using a technology which is 
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transparent to terahertz radiation. This design enables 
electron beam 9 emerging from field emitter 1 to be focused 
through miniaturized wire lenses 4, to be directed through 
integrated deflecting plates 5 relatively to the position of 
grating 7, and to be positioned, thereby generating terahertz 
radiation, whose intensity and wavelength may be varied and 
selected. Field emitters, i.e., field emitter tips 1 are 
linked via an electrical terminal connection 2 to a 
controllable voltage source 3 and, moreover, via an electrical 
connection 2 to the middle electrode of electrostatic lens 4. 
The left electrical electrode of lens 4 is the first anode of 
the electron source and, together with a terminal of 
controllable voltage source 3, is connected to ground, as is 
also the electrode of electrostatic lens 4 situated on the 
other side of the middle electrode. The field electron source 
having field emitters 1 is a wire constructed, using additive 
nanolithography , out of readily conductive material having 
stabilizing series resistance, and [isl may be designed such 
that electron beam 9 emerges in parallel to the surface. This 
means that the wire is manufactured, using a 

computer-controlled deposition lithography, in a straight or 
curved design, to end freely over the surface of the conductor 
path structure. The field electron source has a punctiform 
design. On its field emitter tips (1), a material having a low 
work function is deposited using additive nanolithography, so 
that electrons are emitted already in response to relatively 
low voltages . 

[One] An exemplary variant of the design provides for mounting 
an accelerator grid as a beam deflector 5, in the form of a 
free-standing electrode composed of two cylindrical rods or a 
standing wire ring, behind the field electron source having 
field emitters 1. The [intention here is for the ] electrons 
rtol may thus be accelerated and directed into subsequent, 
additionally constructed round multipole lenses and/or 
cylindrical lenses, so that the propagating electron beam 9 is 
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additionally deflected over subsequent diffraction grating 7 
at a homogeneous distance to the surface. The focusing and 
beam-guidance lenses, which are implemented by additive 
nanolithography on the metal connection structure produced 
5 using electron-beam lithography or optical lithography, are 
constructed, using this technology, to produce a diffraction 
grating having a length of approximately 1 mm to 1 cm, with 
grating periods of 0.5 to 10 jum, depending on the wavelength 
of the terahertz radiation to be emitted. 

10 

rOnel An exemplary variant of the design may also provide [s] 
for a side-by-side configuration of a plurality of 
electrically isolated diffraction gratings, which may be 
activated by selecting various sources, enabling various 
15 emitted wavelengths to be chosen. 

The radiation from electron source is retained at a constant 
level by a control circuit, in particular by a controllable 
voltage source 3, and electron beam 10 propagating over 
20 grating 7 is then picked up by a second anode 8, which is used 
as a collecting anode electrode. 

Between the second earth electrode of electrostatic lens 4 and 
second anode 8, a field is applied, which may be used to alter 
25 the electron velocity along the grating. This fisl mav be used 
for precisely adjusting the wavelength and also for generating 
a frequency spectrum. 

Another exemplary embodiment of the design of the 
30 miniaturized, i.e., microminiaturized terahertz radiation 

source, based on the Smith-Purcell effect, is shown in Figure 
2. By providing encapsulation using a silicon membrane 
structure, the required vacuum 13 may be maintained for 
operating the laser. The emitted laser THz radiation 15 is 
35 radiated to the outside through a membrane window 14. The 
radiation emitter, constructed on a chip of silicon 11 and 

MARKED UP VERSION OF THE SUBSTITUTE SPECIFICATION 

NY01 426004 v 1 9 



composed of the field emission source, optics, grating and 
anode, is covered in this exemplary embodiment by membrane 
window 14, which is made of silicon 11, as Fisl mav be the 
entire covering chip 16. The thus constructed radiation 
emitter risl mav be evacuated in a vacuum system, prior to the 
bonding, to a pressure of 10" 4 , which suffices for one 
millimeter average free path length. The hollow space [is] may 
subsequently be sealed in the vacuum by thermal bonding, 
without short-circuiting the voltage supply. Membrane windows 
14 in covering chip 17 [ are 1 may be treated using 
reflection-reducing layers, so that a maximum transmission 
through window 14 is attained for the frequency range of the 
emitted radiation . 

r C 1 Further, c onfigured underneath the grating region F is 1 may 
be a THz radiation reflector in the form of a metal layer of 
arrangement of grating rods, having a defined spacing of a 
suitable period, of magnetic or non-magnetic materials, so THz 
radiation 15, which exits grating 7 in the direction of the 
substrate, Fisl mav be sent back through the grating with the 
highest possible reflectance, thereby strengthening the 
intensity of the emitted radiation. Implementing a beam 
guidance over grating 7 at a defined distance [makes it 
possible to vary! can may allow variation of the intensity of 
the radiation source. This means that by employing deflecting 
element 5 before the grating, the radiated intensity may be 
modulated in response to the application of an 

[a . c . ] alternating current voltage to this deflecting element. 
In this manner, the radiation may be directly generated in 
modulated form for spectroscopic purposes for lock-in 
measuring techniques. The same lock-in modulation may also be 
provided by modulating the extraction voltage at field emitter 
tip 1 . 

For certain applications, [it is beneficial to supplement ] the 
voltage source may be supplemented by installing a 
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monochromator on an overlying surface. Such a monochromator 
risl may be constituted as a nanometer structure or micrometer 
structure that acts on this region, so that beams generated 
with a different wavelength exit the radiation source in 
different directions. In this manner, by switching over the 
electron energy, which, in the electrostatic system in 
accordance with the electrostatic principle, may always 
yield [s] the same focusing and, thus, constant operating 
conditions, radiation of different frequencies may be 
generated, and the radiation source may be electrically tuned 
for different applications. 



Between focusing lens 4 and the end of grating 7, one variant 
provides for applying an electrical field, in which, at the 
end of the grating, an additional electrode is positioned, 
through which voltage may be applied to accelerate or 
decelerate the flying electrons. This makes it possible to 
compensate for the energy loss experienced by the electrons 
when flying past grating 7. Grating 7, over which electron 
beam 10 propagates, risl may be subdivided into regions which 
are disposed in parallel to the beam direction, in which 
different grating constants are implemented. The horizontal, 
electrostatic beam guidance, effected by electrodes positioned 
in parallel to grating 7 and, respectively, by a plurality of 
electron sources, one of which is assigned to the individual 
region, [now makes it possible 1 may allow for the emitted 
radiation to be implemented as radiation that is switchable in 
its wavelength. 



The grating constant of the grating rvariesl may vary 
transversely to the beam direction, so that the beam guidance 
may be varied over the grating by deflection fields or by 
deflecting plates, which surround the grating all around, and 
are positioned behind the focusing lens, such that a region 
having a different grating constant may be selected for 
emitting the wavelength of the radiation. Designing the 
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grating as a "chirped grating", i.e., as a grating having a 
variable grating constant, enables the wavelength to be 
adjusted in continuous fashion. 

The intensity of the terahertz radiation source is controlled 
by installing an electrostatic plate, which is transparent to 
THz radiation, below and above the grating, thereby enabling 
the intensity to be locally selected , or selected with respect 
to particular locations . This [is advantageously 1 may be 
achieved by designing these electrostatic plates to include 
regions of different potentials, i.e., by providing separately 
ad j us table strips . 

Figure 3 shows another exemplary embodiment, where two 
membrane windows 14 are provided in covering chip 17. As in 
Figure 2, [it can also be discerned here quite clearly that 
] covering chip 17 [isl mav be insulated from the electrodes and 
the electrode connections by an insulator of silicon 16. At 
the same time, this is also constituted of bond region 7 for 
providing hermetic sealing when encapsulating the arrangement. 
The construction includes, in turn, the substrate of silicon 
11 having a silicon dioxide layer 12. Positioned thereon are 
field emitter 1, lenses 4, grating 7 and second anode 8. 
[Here, again, t]The first anode is the left electrode of 
electrostatic lens 4. Also positioned, in turn, is grating 7 
of metal, out of which the emitted terahertz radiation 15 
emerges. Electron beam 10 impinges, without deflection, on 
second anode 8 having electrical connection 2. The one 
membrane window 14 is provided with a lens 19 for focusing THz 
radiation 15. Due to the specially formed covering chip 17, a 
vacuum 13 [isl mav be provided in both chambers 18, 18 ! ; a 
getter pump [ (not shown)], including its material, may be set 
in operation in second chamber 18 ! by a one-time activation in 
response to current flow, to bring the entire volume of both 
chambers to the required operating pressure. 
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In a further exemplary variant [ (not shown)], ionic getter 
materials, capable of being activated by the electrical 
connection, are applied to the chip, next to the Smith-Purcell 
element. These materials [arel mav be used for pumping out the 
5 bonded and encapsulated structure. Such a manufacturing, 
employing additive nanolithography on metal 

conductor-connection structures, which are prefabricated by 
electron beam lithography or optical lithography, may include 
integrated grating structures on an insulating substrate, [in 
10 particular] such as silicon oxide, and a THz underlaid 

reflector integrated in the grating region, renders possible a 
component which may be used and set up in any position as a 
THz radiation source in modular form. 

15 [ 
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Reference Symbol List 



1 field emitter (tips) 

2 electrical terminal or connections 

3 controllable voltage source 

4 electrostatic lens 

5 beam deflector or deflecting plates 

6 electrical connections for beam deflectors 

7 metal grating 

8 second anode 

9 electron beam 

10 electron beam without deflection 

11 silicon (Si) 

12 silicon dioxide (Si02) 

13 vacuum 

14 membrane window of silicon 

15 emitted terahertz radiation 

16 insulator or bond region for vacuum-tight 
encapsulation of the arrangement 

17 covering chip 
18 , 18 1 chambers 

19 lens for focusing the THz radiation 
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Abstract ] 



ABSTRACT OF THE DISCLOSURE 



A miniaturized terahertz radiation source based on the 
Smith-Purcell effect is provided, in which, from a focused 
electron source, a high-energy bundle or beam of electrons is 
transmitted at a defined distance over a reflection 
diffraction grating composed of transversely disposed grating 
rods, so that, in response to oscillating image charges, 
electromagnetic waves of one wavelength are emitted, the 
wavelength being adjustable as a function of the periodicity 
of the = [ ] lines and of the electron velocity. The elements of 
the radiation source, such as field emitter [ (1)], 
electrostatic lens [ (4)], beam deflector [ (5)], grating [ (7)] 
of metal, and a second anode [ (8)], are integrated on a 
semiconductor chip using additive nanolithographic methods. 
The field electron source is constructed to project, as a 
wire, out of the surface, using additive nanolithography , and 
is made of readily conductive material having stabilizing 
series resistance. The wire is constructed, using 
computer-controlled deposition lithography, in a straight or 
curved, free-standing design. In its surface area, the base 
material bears a conductor structure for the electrical 
terminals and connections [ (2)], including controllable 
voltage sources [(3) ] for supplying the field emitter tips [ 
(1)], lenst (4)], and control electrodes [ (5, 8)]. The 
terahertz radiation source is designed to be a powerful 
component that risl mav be available in modular form and 
risl mav be usable in any spatial situation. 
[ 



] 
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